oncoproteins following viral DNA integration and the concomitant loss of the E2 open reading frame (ORF). However, the integration of HR-HPV DNA is not systematically observed in cervical cancers. The E2 protein acts as a transcription factor that governs viral oncogene expression. The methylation of CpGs in the E2-binding sites (E2BSs) in the viral long control region abrogates E2 binding, thus impairing the E2-mediated regulation of E7/E6 transcription. Here, high-resolution melting (HRM)-PCR was developed to quantitatively analyze the methylation statuses of E2BS1, E2BS2, and the specificity protein 1 (Sp1)-binding site in 119 HPV16-positive cervical smears. This is a rapid assay that is suitable for the analysis of cervical samples. The proportion of cancer samples with methylated E2BS1, E2BS2, and Sp1-binding site CpGs was 47%, whereas the vast majority of samples diagnosed as being within normal limits, low-grade squamous intraepithelial lesions (LSIL), or high-grade squamous intraepithelial lesions (HSIL) harbored unmethylated CpGs. Methylation levels varied widely, since some cancer samples harbored up to 60% of methylated HPV16 genomes. A pyrosequencing approach was used as a confirmation test and highlighted that quantitative measurement of methylation can be achieved by HRM-PCR. Its prognostic value deserves to be investigated alone or in association with other biomarkers. The reliability of this single-tube assay offers great opportunities for the investigation of HPV16 methylation in other HPV-related cancers, such as head and neck cancers, which are a major public health burden.
High-risk (HR) human papillomavirus (HPV)-associated carcinogenesis is driven mainly by the overexpression of E7 and E6 oncoproteins following viral DNA integration and the concomitant loss of the E2 open reading frame (ORF). However, the integration of HR-HPV DNA is not systematically observed in cervical cancers. The E2 protein acts as a transcription factor that governs viral oncogene expression. The methylation of CpGs in the E2-binding sites (E2BSs) in the viral long control region abrogates E2 binding, thus impairing the E2-mediated regulation of E7/E6 transcription.
Here, high-resolution melting (HRM)-PCR was developed to quantitatively analyze the methylation statuses of E2BS1, E2BS2, and the specificity protein 1 (Sp1)-binding site in 119 HPV16-positive cervical smears. This is a rapid assay that is suitable for the analysis of cervical samples. The proportion of cancer samples with methylated E2BS1, E2BS2, and Sp1-binding site CpGs was 47%, whereas the vast majority of samples diagnosed as being within normal limits, low-grade squamous intraepithelial lesions (LSIL), or high-grade squamous intraepithelial lesions (HSIL) harbored unmethylated CpGs. Methylation levels varied widely, since some cancer samples harbored up to 60% of methylated HPV16 genomes. A pyrosequencing approach was used as a confirmation test and highlighted that quantitative measurement of methylation can be achieved by HRM-PCR. Its prognostic value deserves to be investigated alone or in association with other biomarkers. The reliability of this single-tube assay offers great opportunities for the investigation of HPV16 methylation in other HPV-related cancers, such as head and neck cancers, which are a major public health burden.
C ertain Alphapapillomavirus species classified as high-risk human papillomaviruses (HR-HPVs) have been recognized as the etiologic factors of invasive cervical carcinoma worldwide (1, 2) . HR-HPV infections are frequent in young women but they are generally transient, with an estimated mean duration of incident infection of 16 months (3) . Only persistent HR-HPV infections are associated with an increased risk of developing high-grade cervical lesions or cancer of the cervix (4) (5) (6) . Persistent HR-HPV infections may be associated with microscopic abnormalities called low-grade squamous intraepithelial lesions (LSIL). These LSIL present a high rate of regression following HPV clearance but may progress toward high-grade squamous intraepithelial lesions (HSIL) if HR-HPV infection persists. Upon diagnosis, HSIL are treated mostly by excisional procedures to avoid the risk of progression toward invasive cancer (for a review, see reference 7).
Among the HR-HPV types, HPV16 exhibits the highest persistence rate (8) . Moreover, HPV16 is associated with an increased risk of developing precancerous and cancerous lesions (9) and is considered the most carcinogenic PV in humans (10) . This is probably why HPV16 prevalence increases with the severity of cervical lesions (11) , reaching 61% in invasive cervical carcinoma worldwide (12) .
HPV-associated carcinogenesis requires the continuous overexpression of the two main viral oncoproteins E7 and E6, which interact with many cellular proteins leading to the induction and the maintenance of a transformed phenotype in infected cells (for a review, see reference 13). E7 and E6 expression is regulated by the viral E2 protein through the early promoter (named p97 for HPV16) located in the long control region (LCR) of the PV genome. This promoter harbors four specific E2-binding sites (E2BSs) sharing the consensus sequence 5=-ACCG(N) 4 CGGT-3= (14, 15) . The three sites proximal to the TATA box have been shown to be involved in E2-mediated repression of the promoter activity, and E2BS1 and E2BS2 are probably the main sites to achieve this effect (for a review, see reference 16). From a mechanistic point of view, the binding of E2 to E2BS1 and E2BS2 induces a displacement of transcription activators, such as specificity protein 1 (Sp1) and TATA binding protein (TBP), from their binding sites, leading to a repression of E7 and E6 expression from the early promoter (17, 18) . HR-HPV DNA integration has been described as a key step in the carcinogenesis process, since it generally results in the disruption of the E2 open reading frame (ORF) (19, 20) .
Epigenetic alterations, and particularly aberrant DNA methylation, are frequently associated with tumor progression. Methylation of DNA mainly occurs on cytosines located in CpG dinucle-otides and leads to gene silencing after chromatin structure remodeling. Both the HPV16 E7 and E6 proteins seem to increase DNA methyltransferase (DNMT) activity in vitro (21) . Moreover, increased methylation of cellular tumor suppressor genes, such as retinoic acid receptor beta (rarb), death-associated protein kinase 1 (dapk1), and cell adhesion molecule 1 (camd1), is frequently observed in cervical cancer samples (22) . Viral DNA sequences, including HPV genomes, can also undergo methylation by cellular DNMT (23, 24) .
The HPV16 genome contains 112 CpG sites and its methylome has been described (25) (26) (27) . The CpG dinucleotides located in the L1/L2 region of the HPV16 genome are preferentially methylated during disease progression (25, 26, 28, 29) , and a recent study suggested the clinical value of methylation for the identification of prevalent and incident high-grade lesions (27) .
Several studies aimed to describe methylation on the HPV16 LCR and the therein-contained E2BS in clinical samples, but the results are very conflicting. Some studies reported decreased E2BS methylation during lesion progression (30) (31) (32) or a trend of a lower risk of incident precancerous and cancerous lesions for patients with high E2BS methylation (33, 34) . On the contrary, methylation of the five CpGs located in the E2BS1 and E2BS2 and Sp1-binding site (Sp1BS) has frequently been associated with cervical cancer (28, 29, (35) (36) (37) (38) , and a gradual increase in methylation during lesion progression toward cancer has been reported in some studies (29, 36, 37, 39) . Nevertheless, most of these studies did not include the full spectrum of cervical disease progression from normal to cancer. Furthermore, various quantitative and nonquantitative techniques have been used to study HPV16 DNA methylation. Some studies have been conducted on fresh-frozen tissues or microdissected formalin-fixed paraffin-embedded (FFPE) biopsy samples, whereas others have been performed on exfoliated cervical cells; this may explain discrepant results.
We report here a simple and robust high-resolution melting (HRM)-PCR that permits the quantitation of the methylation levels of the five CpGs located in the two most important HPV16 E2BSs involved in E7/E6 regulation, namely, E2BS1 and E2BS2, and in the Sp1BS. After the optimization and validation steps, this single-tube assay was used to explore E2BS1, E2BS2, and Sp1BS methylation in samples previously identified to harbor HPV16 and that are representative of the natural history of cervical cancer. The HRM analysis reveals that methylation of the target CpG is specific for cancer samples.
MATERIALS AND METHODS
Cell lines. The human HPV16-positive CaSki and SiHa cell lines were obtained from the ATCC (Manassas, VA) and maintained at 37°C (in 5% CO 2 ) in complete RPMI medium or Dulbecco's modified Eagle medium (DMEM) (Lonza, Levallois-Perret, France), respectively, supplemented with 10% fetal bovine serum (FBS) (Lonza), 5 ϫ 10 4 U/liter penicillinstreptomycin (Lonza), and 2 mM L-glutamine (Lonza).
Clinical samples. Samples were collected at the endo-ectocervical junction with a cytobrush and conserved in specimen transport medium (Digene; Qiagen, Courtaboeuf, France) or in PreservCyt (Cytyc, Marlborough, MA) until routine HR-HPV testing with the Digene Hybrid Capture 2 (HC2) high-risk HPV DNA test (Qiagen). Samples were stored into a biobank for which a declaration of preparation and storage of human samples for research use was sent to the "Ministère de l'Enseignement Supérieur et de la Recherche" (no. DC-2008-850).
Samples positive for HR-HPV DNA were used for DNA extraction with the QIAamp DNA minikit (Qiagen). The presence of HPV16 DNA was assessed by quantitative PCR as previously described (40) .
One hundred nineteen HPV16-positive samples with cytological abnormalities representative of the natural history of cervical cancer were selected. When available, the histological diagnosis obtained from a subsequent biopsy sample or cervical resection was retrieved from the medical record. For 13 samples, the histological and cytological diagnoses were discrepant and the histological diagnosis was retained. Thirty-seven samples were finally diagnosed as within normal limits (WNL), 30 as lowgrade intraepithelial lesions (LSIL), 35 as high-grade intraepithelial lesions (HSIL), and 17 as invasive carcinomas. Among the carcinomas, five were diagnosed as adenocarcinomas and 11 as squamous cell carcinomas (SCC); all of them were early-stage tumors (stage I to II).
DNA bisulfite conversion. Bisulfite conversion of DNA (500 ng) was performed using the Cells-to-CpG bisulfite conversion kit (Life Technologies, Villebon-sur-Yvette, France). Briefly, DNA was denatured at 50°C for 10 min with the denaturation reagent. Then, 100 l of reconstituted conversion reagent was added to the denatured DNA and the solution was incubated for 2 cycles of 30 min at 65°C and 1.5 min at 95°C followed by 30 min at 65°C. Bisulfite-converted DNA was purified on columns provided with the kit. Several washes were realized to remove salts and sulfonic groups. Converted DNA was eluted in 40 l of elution buffer.
HPV16 E2BS HRM-PCR. We set up a methylation-independent PCR that targets a sequence of HPV16 3=-LCR localized from nucleotide (nt) 6 to nt 115 (NCBI accession no. NC_001526.2 [41] ). This stretch contains two CpGs located in the proximal E2BS1 (nt 52 and 58), two CpGs located in the proximal E2BS2 (nt 37 and 43), and one CpG in the Sp1BS site (nt 31). The primers 16E2BS_For and 16E2BS_Rev are listed in Table 1 and were purchased from Eurogentec (Angers, France). For convenience, this assay is referred to as HPV16 E2BS HRM-PCR.
HRM-PCR experiments were run on the 7500 Fast real-time PCR system (Life Technologies). The reaction was performed in a final volume of 20 l containing Melt Doctor HRM master mix 1ϫ (Life Technologies) and 300 nM each 16E2BS primer. After an initial denaturation step at 95°C for 10 min, 40 amplification cycles were performed (95°C for 15 s, 52°for 20 s, and 60°C for 1 min). The high-resolution melting curve stage was performed with a 1% ramping from 50°C to 95°C. HRM curves were analyzed using the HRM 2.0 software (Life Technologies). Raw data were normalized for fluorescence intensity by the software algorithms in order to establish normalized HRM curves. Serial dilutions (1:10) of CaSki cell DNA were also used to evaluate the repeatability and efficiency of the PCR.
Construction of pE2BS.0/5 and pE2BS.5/5 plasmids. Bisulfite-converted DNA from SiHa cells (harboring unmethylated HPV16 E2BSs) and from CaSki cells (harboring mostly methylated HPV16 E2BSs) was amplified by PCR in a final volume of 50 l containing 1ϫ Green GoTaq Flexi buffer, 1.25 mM MgCl 2 , 200 nM deoxynucleoside triphosphate (dNTP), 500 nM each primer, and 1.25 U GoTaq Hot Start polymerase (Promega, Charbonnières, France). The thermal cycling used was an initial denaturation step of 5 min at 94°C followed by 40 amplification cycles (94°C for 30 s, 50°C for 30 s, and 72°C for 30 s) and a final elongation step of 7 min at 72°C. After purification with the QIAEXII gel extraction kit (Qiagen), PCR products were cloned into the pGEM-T Easy vector (Promega). Subcloning Efficiency DH5␣ competent cells (Life Technologies) were transformed with 15 ng of recombinant vector by heat shock and grown in a selection medium. Plasmids from multiple colonies were sequenced to confirm the presence of the insert. The plasmid with five T residues at positions 31, 37, 43, 52, and 58 (corresponding to unmethylated DNA) was named pE2BS.0/5, and the plasmid with five C residues at positions 31, 37, 43, 52, and 58 (corresponding to methylated DNA) was named pE2BS.5/5. pE2BS.0/5 and pE2BS.5/5 were mixed in different proportions to mimic samples harboring 0 to 100% methylated CpGs with 10% increments. Six replicates of each mix were analyzed to assess the sensitivity and repeatability of the technique.
Standards for methylation quantification. Standards consisted of artificial samples containing known amounts of methylated E2BS DNA in a background of unmethylated target. To obtain a fully methylated DNA matrix, 1 g of CaSki cell DNA was treated with 4 units of methylase SssI (New England BioLabs, Évry, France) in a final volume of 50 l containing 1ϫ NE buffer and 160 M S-adenosylmethionine over 4 h at 37°C followed by 20 min at 65°C. The QIAEXII gel extraction kit (Qiagen) was used to purify and concentrate the modified DNA. For the unmethylated matrix, pBR322-HPV16 plasmids that contained the HPV16 whole genome were used. Standards were prepared to mimic samples with 0, 10, 25, 50, 75, and 100% methylated target. They were used to validate the overall HRM-PCR method, including the bisulfite conversion step.
Standards were run in triplicate in parallel with clinical samples to quantify the level of methylation of the five CpG dinucleotides of interest. Considering the unmethylated standard (0%) as the reference, difference plots were calculated in order to obtain a linear regression of the standard curves that can be used to quantify methylation (42) .
HPV16 E2BS pyrosequencing for methylation analysis. Bisulfiteconverted DNA from CaSki cells, standards, and clinical samples (5 l) were amplified by PCR in a final volume of 25 l containing PyroMark PCR master mix (1ϫ) (Qiagen), CoralLoad (1ϫ) (Qiagen), 200 nM 16E2BS_For primer, and 200 nM 16E2BS_Rev primer tagged with biotin at their 5= end (Biotin TEG 569.61; Eurogentec). After an initial denaturation step at 95°C for 15 min, 40 amplification cycles (95°C for 20 s, 52°C for 30 s, and 72°C for 20 s) were performed, followed by a final elongation step at 72°C for 5 min. Pyrosequencing was applied to each sample in duplicate. Ten microliters of PCR product was immobilized on Streptavidin Sepharose HP beads (Qiagen) and purified using the PyroMark Q24 vacuum workstation (Qiagen), according to the manufacturer's instructions. After denaturation (80°C for 2 min), PCR products were annealed to 300 nM 16E2BS_For primer, used as a sequencing primer, and subjected to pyrosequencing using the PyroMark Q24 instrument (Qiagen) and the PyroMark Gold Q24 reagents (Qiagen). The nucleotide dispensation order and the analysis sequence (Table 1) were determined with the PyroMark Q24 software 2.0.6. Negative-control nucleotides were automatically incorporated, and a cytosine was added at position 8 to check the efficiency of bisulfite conversion. Pyrograms were analyzed in "CpG assay" mode in order to quantify the methylation percentage of the 5 CpGs.
The cutoff value used to distinguish methylated and unmethylated samples was calculated as the mean methylation percentage plus three standard deviations from samples that clearly harbor unmethylated targets. The cutoff value for the global methylation of the five CpGs was set at 4.1%.
Data analyses. The intra-assay repeatability of HPV16 E2BS PCR was assessed by calculating the mean, standard deviation (SD), and variance from cycles of quantification (Cq) from six or eight replicates. The reproducibility of HPV16 E2BS PCR for the accurate quantification of methylation was assessed by calculating the mean, SD, and coefficients of variation (CV) of standard difference plot peak height from eight independent experiments.
RESULTS

Analytical characteristic of the HPV16 E2BS PCR. CaSki and
SiHa cellular DNA treated with sodium bisulfite was successfully amplified by the HPV16 E2BS PCR, rendering a unique amplicon after gel electrophoresis (data not shown). Furthermore, no amplification product was observed when the HPV16 E2BS PCR was carried out with DNA from HPV-negative cells (C-33A) or from cells harboring HPV18, HPV31, HPV33, or HPV45, indicating that the PCR was specific (data not shown).
The analysis of eight replicates of bisulfite-converted CaSki cell DNA diluted from 10 5 to 1 copies/l showed that the HPV16 E2BS PCR was highly repeatable. Indeed, Cq variances were Ͻ0.2, independent of HPV16 DNA concentration. Moreover, the linear dynamic range covered four orders of magnitude, from 10 5 to 10 copies/l. The efficiency calculated from these experiments was 1.94 Ϯ 0.06 (mean Ϯ SD). Finally, six out of eight replicates with the lowest concentration (1 copy/l) were amplified, and the analytical sensitivity was set at 10 copies/l, corresponding to a Cq of 33 ( Table 2 ). Since HRM analysis required enough fluorescence intensity and high repeatability between replicates, the Cq limit for HRM analysis was set at 33 to avoid misinterpretation of the HRM curves.
Performance of the HPV16 E2BS HRM-PCR for methylation assessment. Mixes with different proportions of pE2BS.0/5 (corresponding to 0% methylated target) and pE2BS.5/5 (corresponding to 100% methylated target) were run to assess the performance of the HPV16 E2BS HRM-PCR to discriminate between differentially methylated targets.
As expected, each derivative HRM curve obtained from pE2BS.0/5 and pE2BS.5/5 exhibited a single peak, with melting temperature (T m ) values of 68°C and 70°C, respectively (Fig. 1A) , contrary to derivative curves obtained from other mixes that exhibited two peaks at 68°C and 70°C with variable fluorescence intensity (data not shown). Blinded HRM analysis of mixes defined six profiles according to the shape of normalized melting curves (Fig. 1B) . Samples with 0% and 10% methylated targets were clearly discriminated, as they presented different melting curves (Fig. 1B, profiles 1 and 2) . The third profile grouped samples with 20% and 30% methylated targets, and the fourth profile grouped those with 40%, 50%, and 60% methylated targets. The fifth and the sixth profiles grouped mixes with 70% to 80% and 90% to 100% methylated targets, respectively. Furthermore, the six replicates of each mix were classified in the same group, suggesting good repeatability of the HRM analysis (Fig. 1B) . HRM analysis of standardized DNA mixes permits the methylation level to be quantified. In order to quantify methylation levels, standards with known proportions of methylated target DNA were run in parallel with clinical samples. These standards consisted of unmethylated pBR322-HPV16 and in vitro methylated CaSki cell DNA whose methylation patterns had been previously confirmed by HRM and cloning-sequencing (data not shown).
After bisulfite conversion, eight replicates of standards containing 0%, 10%, 25%, 50%, 75%, and 100% methylated target were assayed with the HPV16 E2BS HRM-PCR. Again, six HRM profiles were defined corresponding to the six standards, and the eight replicates were correctly assigned to their corresponding profiles, showing good repeatability of the technique (Fig. 2A) .
The peak-height differences (Fig. 2B ) derived from standards run in eight independent experiments were plotted against methylation percentage in order to generate a linear regression ( Fig.  2C) (42) . The correlation coefficient, R 2 ϭ 0.998, indicates a perfect linearity across 10 and 100% methylation. Moreover, minimal variations were observed between the eight experiments. Furthermore, the reproducibility of the HPV16 E2BS HRM-PCR was very good, with a CV of Յ11% for all standards tested (Table 3) . Linear regression analysis can thus be applied for accurate determination of DNA methylation levels in clinical samples exhibiting differ- E2BS1, E2BS2, and Sp1BS are specifically methylated in cervical cancers. We quantitatively analyzed methylation status differences in HPV16 E2BS1, E2BS2, and Sp1BS from 119 HPV16positive cervical smears with different cytological diagnoses, which are globally representative of the natural history of cervical cancer. HRM analysis failed for 33 samples due to a low quantity of target DNA. Indeed, Cq values following HPV16 E2BS PCR were Ͼ33 in these samples. For the remaining 86 cervical samples, bisulfite-converted DNA was successfully analyzed by HRM-PCR. Based on the comparison of HRM profiles, 77 samples were assigned to the 0% methylation profile, five to the 10% methylation profile, two to the 25% methylation profile, and two to the 75% methylation profile (Table 4 ). Interestingly, most if not all samples with a within normal limits, LSIL, or HSIL cytology did not exhibit methylation of the targeted CpG sites, since only one LSIL sample harbored methylated target CpGs. Conversely, 47% of the cancer samples exhibited methylated CpG sites. For samples exhibiting different peak heights in the linear regression range (12.8 to 49.6), methylation levels were accurately calculated and varied from 10% to 60% (Table 5 ). Moreover, for five out of eight cancer samples with methylated CpG, the subsequent biopsy samples revealed histological features of adenocarcinoma.
To confirm our results obtained by HRM-PCR, we used a pyrosequencing approach to reanalyze the standards and the 86 cervical samples. Among clinical samples, 16 could not be analyzed by pyrosequencing. Thirteen samples were not amplified by PCR and three samples were not properly converted with sodium bisulfite, which may lead to an erroneous assessment of methylation levels. Apart from these samples that have not been reassessed because no more DNA was available, and with a cutoff value set at 4.1% for pyrosequencing positivity, one hundred percent agreement was obtained between the two techniques. Furthermore, quantitative data obtained with the two techniques were very similar (Table 5 ). Nevertheless, for three samples with the highest methylation level, the HPV16 E2BS HRM-PCR resulted in a lower estimation of methylation than pyrosequencing. Interestingly, we noted that methylation level was very consistent between the five CpG sites with no position effect. From a clinical point of view, with a cutoff set at 10%, targeted CpG site methylation determined with HPV16 E2BS HRM-PCR allowed for the identification of women with a cervical cancer with a specificity of 97% and a sensitivity of 44%.
DISCUSSION
HPV16 E2BS HRM-PCR is a reliable method for methylation assessment in clinical samples. Several studies have described the methylation status of the HPV16 E2BSs in cervical samples. Different assays have been used, more or less quantitative, more or less labor-intensive, and at times requiring a large amount of DNA. Here, we report a rapid, quantitative, and reliable singletube assay based on DNA bisulfite conversion and E2BS methylation-independent real-time PCR followed by HRM analysis, allowing for the determination of the methylation levels of five CpGs localized in HPV16 E2BS1, E2BS2, and Sp1BS. We show that the HPV16 E2BS PCR is specific and highly reproducible, with Cq variances of Ͻ0.2, independently of the target DNA concentration (from 10 5 to 10 copies of HPV16 genome per reaction mixture). a Triplicates of standards were analyzed in 8 independent experiments. Difference plots were generated for each standard using the unmethylated standard (Std) 0% as the reference. b Mean, SD, and CV were calculated from difference in peak heights to evaluate the reproducibility of the method. 0  0  2  2  2  3  3  10  10  10  10  10  12  12  25  25  24  24  25  26  26  50  50  47  47  49  50  50  75  75  67  67  70  70  71 -10  3  3  4  7  7  1  25  40  38  37  39  35  1  59  80  80  89  84  89  1  61  72  72  78  78  79 As for the methylation assessment of the five CpGs in the long control region, HPV16 E2BS HRM-PCR allows for accurate discrimination between methylated and unmethylated targets. Indeed, following HRM analysis, the eight replicates of pE2BS.0/5 and pE2BS.5/5 mixed in different proportions were systematically attributed to the same group. Furthermore, the use of standards comprising known proportions of methylated target (CaSki cell DNA treated with methylase SssI) mixed with unmethylated pBR322-HPV16 plasmid allowed us to achieve a linear regression plot of standard curves from 10% to 100% methylation. Reproducibility of the HPV16 E2BS HRM-PCR is very good, since CV never exceeded 11% for each standard. Thus, the peak height plot derived from standards can be readily applied for accurate quantification of the global methylation of the five CpGs. To further demonstrate the quantitative aspect of the HPV16 E2BS HRM-PCR, all standards were tested using pyrosequencing as a confirmation test. An excellent agreement between HRM analysis and pyrosequencing results confirms the robustness of our assay. Finally, we set a limit Cq value of 33 for HRM analysis. Indeed, for amplification with Cq of Ͼ33, methylated and unmethylated targets cannot be discriminated by HRM. This needs to be taken into account when the amount of starting DNA is small (i.e., from a small number of cells or from microdissected tissues), especially because bisulfite modification frequently leads to the degradation of DNA (43) .
Methylation of HPV16 E2BS1, E2BS2, and Sp1BS is specifically associated with cervical carcinomas. Analysis of HPV16 DNA methylation in our samples with the HPV16 E2BS HRM-PCR reveals a specific methylation pattern in cancers. Indeed, 47% of smears with a diagnosis of cancer exhibited methylation of the five target CpGs, whereas virtually all targeted CpGs in WNL, LSIL, and HSIL samples were unmethylated. As for the only LSIL samples that harbored methylated CpGs, no histological diagnosis or follow-up data could be retrieved from the medical record. Thus, we cannot exclude that the lesion severity could have been underestimated by cytological analysis.
Taken together, our results confirm data from previous studies reporting a higher frequency of HPV16 promoter methylation in cancer samples than in precancerous lesions or normal samples (28, (35) (36) (37) . However, the proportion of cancer samples with methylated E2BSs varied from 20% to 90%, likely highlighting the variability in the methodology used in the different studies (44) . For example, Snellenberg and collaborators (37) used a Luminex xMAP system coupled to a methylation-independent PCR approach and communicated a methylation frequency of 69% for the E2BS1 and of 90% for the E2BS2 in SCC samples. These high frequencies are probably related to the extremely high sensitivity of their technique (0.5 to 1%). In the same line, Bhattacharjee and collaborators (35) found up to 85% of cancer samples with methylated E2BS1 and E2BS2 by performing a direct sequencing of bisulfite-treated DNA. This contrasts with the study by Kalantari and colleagues (28) that used a cloning sequencing approach in which they reported that only one out of five cancers presented a methylated promoter. As for precancerous lesions, we found a low methylation frequency (2%) of the five target CpGs, and normal samples harbored only unmethylated CpGs. Several studies also reported a very low methylation frequency in cervical dysplasia (28, 30, 32, 33, 36) . This contrasts with the work of Mazumder and collaborators (31) , who describe methylated CpG in 50% of LSIL-HSIL. These authors used microdissected histological samples to select tissue with at least 60% abnormal epithelial cells, an approach that is not well suited for routine use.
The HPV16 E2BS HRM-PCR described here also allows for a quantitative assessment of HPV16 multiple-copy methylation. In our sample series, the average methylation level was low (2.3%), with only two out of nine samples showing Ͼ50% of HPV16 E2BS1, E2BS2, and Sp1BS carrying methylated CpGs. The overall results are consistent with previously published data reporting average methylation levels from 4.3% to 8% (32) and 0.2% to 5% (45) , regardless of the cytological diagnosis. Even with a highly sensitive method, Snellenberg and collaborators (37) also found methylation levels of Ͻ10% in the majority of samples, except for cervical carcinoma biopsy samples.
Interestingly, the comparison between the quantitative assessment of all five CpG methylation levels by HRM and of each individual CpG by pyrosequencing revealed no differences. This confirms the robustness of HRM for quantitative methylation analysis. We propose that HPV16 E2BS HRM-PCR alone is sufficient to evaluate the methylation status of HPV16 E2BS1, E2BS2, and Sp1BS from cervical smears. Pyrosequencing analysis also showed that the five CpGs always displayed similar methylation levels, indicating no position effect, as was previously described (37, 45) . This suggests a concerted regulation of DNA methylation at the E2BS1, E2BS2, and Sp1BS CpG sites. Nevertheless, a differential methylation pattern of the HPV16 genome has been described, with the HPV16 L1 ORF being 5 to 10 times more methylated than the LCR in high-grade lesions and cancer samples (27, 28, 45) . Turan and collaborators (46) hypothesized that the L1 ORF may be preferentially methylated, while the accessibility of CpGs located in the LCR to DNMTs may be hampered by transcription factors. Furthermore, it has been shown that transcription factors might also favor the recruitment of DNMT to specific gene loci. For example, the phosphorylation of RelA/p65 promotes DNMT-1 recruitment to chromatin and represses the transcription of the tumor metastasis suppressor gene, BRMS1 (47) .
HPV16 E2BS1, E2BS2, and Sp1BS methylation in the carcinogenesis process. The analytical importance of the E2BS methylation status arises from its involvement in E7 and E6 expression regulation. The overexpression of E7/E6 during HPV-associated transforming infection may be associated with the integration of the viral DNA into the cellular genome. Integration usually occurs in the early-late boundary of the PV genome and often implies the partial or complete ablation of the E2 ORF (19, 20) . Consequently, transcription from early promoter is no longer repressed, resulting in an overexpression of E7/E6. Integration seems to be an early phenomenon, as it has been documented in cervical smears with no cellular abnormalities (48, 49) . Nevertheless, the proportion of samples harboring integrated viral genomes (pure or mixed with episomal forms) increases with the severity of lesions (40, 50, 51) , and integration is associated with an increased risk of lesion progression (50, 52) . Surprisingly, some studies revealed that cervical cancer samples harbor no integrated forms, only HPV16 episomes (40, 50, 53) . Moreover, multiple copies of the viral genome can integrate as head-to-tail concatemers. This integration pattern allows for functional E2 mRNA expression in cells, as observed in the CaSki cell line (54) . Taken together, these data suggest that mechanisms other than integration can also lead to E7/E6 overexpression and cellular transformation. Since methylation of the CpG dinucleotides contained in HPV16 E2BSs inhibits E2 binding to viral DNA and impairs its regulatory functions (26, 55, 56) , their methylation may be involved in E7/E6 expression deregulation. The technique described here will also address these questions at the basic level of PV biology, for instance, the hitherto poorly understood mechanistic interplay between integration and methylation that ultimately controls oncogene expression. In our samples, the integration level has been estimated by measuring the E2/E6 ratio, as described by Peitsaro and collaborators (49) . Unfortunately, we have not observed an association between methylation and integration, even if none of the samples harboring fully integrated HPV16 genomes, including cancer samples, exhibited methylated target CpGs (data not shown).
In the present study, the methylation statuses of the E2BS3 and E2BS4 were not examined because these sites do not appear to play a major role in the transcriptional repression induced by E2 (for a review, see reference 16). However, a recent study by Vinokurova and von Knebel Doeberitz (38) showed a specific and high methylation of E2BS4 (named E2BS1 in their paper) linked with a transforming infection characterized by p16 overexpression, whereas no methylated CpG was observed in permissive infection that allowed the HPV life cycle to continue.
HPV16 E2BS1, E2BS2, and Sp1BS methylation clinical value. HPV16 E2BS1, E2BS2, and Sp1BS methylation appear to be late events in cervical carcinogenesis, as they were observed only in invasive cancer samples. We demonstrate here that the methylation of HPV16 E2BS1, E2BS2, and Sp1BS analyzed from cervical smears by HRM allows for the identification of women with cervical cancers among those who are infected by HPV16 with a good specificity and a limited sensitivity. Several previous studies showed that methylation was higher in high-grade lesions than in normal samples and/or low-grade lesions (29, 36, 37) . The results reported here support the limited interest of HPV16 E2BS1, E2BS2, and Sp1BS methylation in cervical cancer screening, since neither prevalent nor incident high-grade lesions can be identified with this assay.
Nevertheless, the prognostic value of HPV16 E2BS methylation likely deserves to be explored, either alone or in association with other biomarkers in cancer samples. For example, Mazumder and collaborators (31) showed that in addition to integration, the absence of HPV16 LCR methylation was associated with a poor prognosis in cancer patients. In our series, all the cancer samples were early-stage tumors (Federation of Gynecology and Obstetrics [FIGO] stage I or II), which are known to have a better outcome than late-stage tumors. Remarkably, five out seven of the cancers with methylated CpGs were adenocarcinomas. Whether this apparent association between histological type and methylation statuses of E2BS1, E2BS2, and Sp1BS may be due to the small series of samples analyzed, it also may be hypothesized that specific methylation patterns drive the specific mechanism of HPV16-associated carcinogenesis according to HPV-infected epithelium types.
In conclusion, HRM-PCR allows for the accurate assessment of the methylation statuses of HPV16 E2BS1, E2BS2, and Sp1BS CpG sites. This versatile approach may be easily adapted to target other DNA loci and other PV genotypes. It would be interesting to transfer this method to the HPV16 L1 gene, which is a good biomarker candidate for differential methylation status, as reviewed by Clarke and collaborators (44) . In both males and females, HR-HPV infection is associated with several anogenital cancers and with a subset of head and neck cancers for which little is known about viral DNA methylation. We propose here that HRM-PCR might allow for the efficient screening of samples to rapidly determine the clinical relevance of HPV DNA methylation in terms of diagnostic, prognostic, and predictive values.
